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Promotion of Human Dermal Fibroblast Migration,
Matrix Remodelling and Modification of Fibroblast
Morphology within a Novel 3D Model by Lucilia
sericata Larval Secretions
Adele J. Horobin1, Kevin M. Shakesheff1 and David I. Pritchard1
Lucilia sericata larvae, or green bottle fly maggots are applied to chronic wounds to aid healing. Previously, our
laboratory has characterized the enzymatic activities present within maggot excretions/secretions (ES). Since
then, we have related these to the degradation of extracellular matrix components, alteration of human, dermal
fibroblast adhesion to surfaces and the stimulation of fibroblast migration within a two-dimensional in vitro
assay. In this study, we developed a novel three-dimensional in vitro assay in which to observe fibroblast
migration and morphology in response to maggot ES. Here, primary human foreskin fibroblasts were
embedded within collagen gels containing fibronectin. Phase contrast and confocal microscopy were used in
conjunction with image analysis software to examine and quantify aspects of fibroblast behavior. Our results
showed that maggot ES stimulated fibroblast migration through the matrix and induced altered cell
morphologies. Remodelling of the extracellular matrix located between individual fibroblasts was also induced,
providing a mechanism by which cells may detect each other’s presence over considerable distances. Thus,
mechanisms by which maggots enhance tissue formation within wounds may be via the promotion of fibroblast
motility, acceleration of extracellular matrix remodelling and coordination of cellular responses.
Journal of Investigative Dermatology (2006) 126, 1410–1418. doi:10.1038/sj.jid.5700256; published online 4 May 2006
INTRODUCTION
Typically, Lucilia sericata larvae, or green bottle fly maggots
are applied to chronic wounds where conventional treat-
ments have failed. Clinical observations provide evidence
that maggots remove necrotic tissue, promote disinfection,
and accelerate granulation tissue formation (Sherman et al.,
2000; Wollina et al., 2002). In order to elucidate the
mechanisms behind these effects, our laboratory has inves-
tigated the enzymatic activity present within maggot secre-
tions and/or excretions (ES) (so-called because the substances
that maggots continually exude may be of secretory and/or
excretory origin) that a separate study has shown are released
into the wound (Schmidtchen et al., 2003). Evidence of serine
proteinase, metalloproteinase, and aspartyl proteinase activ-
ities was found (Chambers et al., 2003). In addition, the
serine proteinase activity present within ES was shown to
degrade a variety of extracellular matrix (ECM) components
(Chambers et al., 2003).
We have also examined the effect of maggot ES upon
interactions between human dermal fibroblasts and ECM
components (Horobin et al., 2003, 2005) as these play a
crucial role in tissue formation (Eckes et al., 2000). Through
binding with cell membrane receptors (Giancotti and
Ruoslahti, 1999), the ECM provides a scaffold for contact
guidance, controlling fibroblast adhesion, and directing cell
migration (Clark, 1996; Greiling and Clark, 1997). Proteases
derived from many sources, including fibroblasts, modulate
such interactions. This may be via direct activation of cell
surface receptors, influencing fibroblast proliferation (De´ry
and Bunnett, 1999; Abe et al., 2000) and angiogenesis (Blair
et al., 1997) or by indirect methods in which proteolytic
breakdown products of ECM components, most notably
fibronectin, induce fibroblast migration and chemotaxis
(Greiling and Clark, 1997; Livant et al., 2000), re-epithelia-
lization (Gianelli et al., 1997) and tissue re-modelling (Werb
et al., 1980; Gould et al., 1997). Our results have shown that
fibroblast adhesion to fibronectin- and collagen-coated
surfaces is reduced in the presence of ES (Horobin et al.,
2003). More recently, using a two-dimensional in vitro assay,
we have shown that fibroblast migration across fibronectin is
accelerated by serine proteinases present within ES (Horobin
et al., 2005). However, evidence suggests that cells behave
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differently within two dimensions, such as those described,
than within their familiar three-dimensional (3D) in vivo
environment (Friedl and Bro¨cker, 2000; Cukierman et al.,
2001; Abbott, 2003). For example, upon planar surfaces, cells
present a flattened lamellar appearance. In contrast, cells
observed in situ adopt stellate shapes and protrude dendritic-
like networks of extensions. They also exhibit different
attachments to the surrounding matrix, termed 3D matrix
adhesions (Cukierman et al., 2001). In two dimensions,
migration across a surface is predominantly a function of
adhesion and de-adhesion events because resistance to the
advancing cell body above the planar surface is lacking.
Within three dimensions, however, matrix barriers force the
cells to adapt their morphology, making them either change
shape and/or enzymatically degrade ECM components in
order to facilitate locomotion.
Thus, we directed our research towards the instigation of a
3D in vitro assay in which to observe fibroblast migration and
morphology in response to ES. The establishment of such a
model, which more closely represents the microenvironment
in which cells are present in vivo, provides for a much better
understanding of the importance of interactions between the
ECM, resident cells, and ES in the wound-healing process. It
also provides a basis for developing systems in which viable
dermal and epidermal cells, held within a supportive,
hydrated, biodegradable, and bioactive tissue-like matrix,
are delivered to an open wound to facilitate healing. Assays
were developed containing isolated populations of primary
human foreskin fibroblasts embedded within gels composed
of collagen and fibronectin, both at concentrations deemed
optimal for migration (Greiling and Clark, 1997; Friedl and
Bro¨cker, 2000). Collagen gels have been widely used for in
vivo-like cell culture and are considered to represent a fair
reproduction of the biophysical architecture of the dermis
(Friedl and Bro¨cker, 2000). In addition, cells embedded
within collagen gels have been shown to adopt dendritic-like
networks of extensions that share some similarity to the in
situ-like morphology (Cukierman et al., 2001). Fibronectin
was included as this molecule plays a prominent role in
directing cell migration into the wound space (Greiling and
Clark, 1997). Results demonstrated ES to accelerate fibroblast
migration through the gel. This may have been facilitated by
an enhancement of matrix re-modelling and induction of a
more well-spread cellular morphology.
RESULTS
3D in vitro assay – fibroblast migration
3D in vitro assays were assembled in order to examine
fibroblast migration. Confocal microscopic images of gels
fixed immediately following assay assembly (0 hour) or
following 48 hours incubation, confirmed that firstly, no cells
were observed outside of the cell droplets at 0 hour
incubation and secondly, cell migration away from the cell
droplets over 48 hours had occurred in both horizontal and
vertical orientations, confirming the 3D nature of migration
(Horobin AJ PhD thesis, 2004).
In quantifying cell migration in response to larval ES, two
separate experiments were performed. One compared the
effects of 0.1 and 5 mg/ml ES against a control where ES was
absent. The other examined the effects of 1 and 10 mg/ml ES,
when compared with another control. In each experiment,
cells from the same flask and passage were used.
Images were taken to examine cell migration from each
droplet. Visual observations revealed that at 24 hours
incubation, migration of cells in the presence of 5 mg/ml ES
appeared to be the most extensive (Figure 1a). Morphologi-
cally, these cells also appeared more well spread than those
within the control and had projected longer and more
numerous extensions into the surrounding gel (Figure 2a). By
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Figure 1. Representative phase-contrast images of 2-ll fibroblast-seeded gel
droplets within three-dimensional in vitro assays. Images taken immediately
following assay assembly (0 hour) or after 24 hours or 48 hours incubation in
the (a) absence of ES (0 ES) or in the presence of 0.1 mg/ml ES (0.1 ES) or 5 mg/
ml ES (5 ES), or (b) absence of ES (0 ES) or in the presence of 1 mg/ml ES (1 ES)
or 10 mg/ml ES (10 ES). Bar¼300 mm.
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48 hours incubation, the gel exposed to 5 mg/ml ES was
transparent and had become detached from the dish surface.
The cell droplets had contracted, pulling the matrix inwards,
thus increasing tension within the matrix between droplets.
By this time, cells exposed to 1 mg/ml ES appeared to have
migrated further than in the respective control (Figure 1b) and
had also adopted a well-spread morphology, with long
extensions into the surrounding gel (Figure 2b). In contrast,
cell droplets in the presence of 10mg/ml ES had reduced in
size, with some areas of cells contracting into tight, dark
masses (Figure 1b). This may have been related to the now
clear, viscous liquid state of the previously gelled solution.
When compared with the control, the morphology of cells
exposed to 10 mg/ml ES was clearly different. Here, at
24 hours incubation, cells exhibited numerous slender
extensions, some of which were exceptionally long (Figure
2c). At 48 hours incubation, cells had contracted, becoming
rounded, yet they had maintained direct physical contact
with others through the projection of long, slender inter-
cellular extensions (Figure 2d).
Total cell migration from each droplet was quantified
using low magnification images that could view each droplet
in its entirety. At 24 hours incubation, analysis confirmed
that, in comparison with the relevant control, 5 mg/ml ES
significantly enhanced cell migration, both in terms of the
number of cells migrating (Po0.01) (Figure 3) and the
distances travelled (Po0.001) (Figure 4). ES at 1 mg/ml also
significantly enhanced cell migration above its control
(Po0.01 for cell number and Po0.05 for distances travelled)
(Figures 3 and 4). In contrast, 10 mg/ml ES significantly
inhibited cell migration compared with its control (Po0.01
for cell number and Po0.001 for distances travelled) (Figures
3 and 4). Exposure to 0.1 mg/ml ES appeared to slightly inhibit
the number of cells migrating (Po0.05 against the control)
(Figure 3). However, 0.1 mg/ml ES had no significant impact
upon migration distance compared with the control (P40.05)
(Figure 4), nor did it appear to affect cell morphology (data
not shown). It may be noted that that the number of cells
migrating in the experiment 1 control (Figure 3a) was higher
than in the experiment 2 control. (Figure 3b). Such
differences between experiments may be due to slight
differences in cell density within cell droplets brought about
by an unavoidable level of error when estimating cell
numbers using a hemocytometer. However, such a potential
source of variation only exists between experiments and not
within them (as the same counted lot of cells was used to
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Figure 2. Representative images of the edges of 2 ll fibroblast-seeded gel droplets within three-dimensional in vitro assays. Images are phase contrast, unless
otherwise stated, and highlight differences in cell morphology. Comparison between (a) cells in the control, where ES was absent (0 ES) and cells exposed to
5mg/ml ES (5 ES) following 24 hours incubation; (b) cells in the control (0 ES) and cells exposed to 1 mg/ml ES (1 ES) following 48 hours incubation – confocal
maximum intensity projection of z-series optical sections, cells stained with FITC-phalloidin (actin) and propidium iodide (nuclear); cells in the control (0 ES)
and cells exposed to 10 mg/ml ES (10 ES) following (c) 24 hours incubation or (d) 48 hours incubation. (a, c, d) Bars¼ 50 mm (upper) or 20mm (lower), and
(b) 50mm.
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assemble each assay within each experiment). Hence, it
remains valid to compare results within each experiment but
not between them.
3D in vitro assay – fibroblast morphology and matrix organiza-
tion
3D in vitro assays containing lower densities of fibroblast
cells were assembled in order to examine fibroblast
morphology and the organization of the matrix. Soon after
assay assembly, cells in the presence or absence of ES
appeared similar (Figure 5). However, by 24 hours incubation
cells in the presence of 1 mg/ml ES, and in particular 5 mg/ml
ES, had adopted more well-spread morphologies, with longer
cytoplasmic extensions, than those in the absence of ES.
Aligned strand-like connective matrix fibrils between cells
were observed where 5 mg/ml ES was present. At 48 hours
incubation, differences between assays were more pro-
nounced. By this time, cells had become more rounded in
the absence of ES (Figure 5). Meanwhile, cells exposed to
either 1 or 5 mg/ml ES had maintained well-spread morphol-
ogies. The aligned strand-like connective fibrils observed
between cells exposed to 5 mg/ml ES had become more
visible and numerous. In addition, the matrix looked clearer
and the random meshwork of fibrils less pronounced.
DISCUSSION
L. sericata larvae, or green bottle fly maggots are applied to
chronic wounds to aid healing. Previous work from our
laboratory has demonstrated the presence of enzymes within
maggot ES that are capable of degrading common ECM
proteins (Chambers et al., 2003). Recently, we have
associated such enzymatic activities with enhanced fibroblast
migration across planar surfaces (Horobin et al., 2005).
However, evidence suggests that cells behave differently
within two dimensions, such as those described, than within
their familiar 3D in vivo environment (Friedl and Bro¨cker,
2000; Cukierman et al., 2001; Abbott, 2003). Hence, we
developed 3D in vitro assays in which to observe fibroblast
migration and morphology in response to ES.
Results demonstrated ES to modify fibroblast migration in
a dose-dependent manner. In comparison with the relevant
controls, ES concentrations of 1 and 5 mg/ml significantly
increased both the number of migrating cells and the
distances they had travelled away from the cell droplet.
These concentrations of ES also induced well-spread cellular
morphologies, and at low population densities, 5 mg/ml ES
promoted matrix fibril alignment between cells. In contrast,
10 mg/ml ES, the highest concentration tested, inhibited cell
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Figure 5. Representative phase-contrast images showing fibroblasts within
20 ll gel droplets, at a seeding density of 3 105 cells/ml. Images taken
immediately following assay assembly (0 hour incubation) or after 24- or 48-
hours incubation. Appearance of cells in the absence of ES (0 ES) (control) or
in the presence of 1 mg/ml ES (1 ES) or 5mg/ml ES (5 ES). Black arrows indicate
that, where aligned, strand-like connective fibrils between cells have become
visible. Bars¼ 20 mm.
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Figure 3. Fibroblast migration from 2 ll cell-seeded gel droplets within 3D
in vitro assays over 24 hours. Results expressed as mean number of migrating
cells per mm perimeter of droplet7SEM (n¼ 5). (a) Migration in the absence
of ES (control) or in the presence of 0.1 mg/ml ES (0.1 ES) or 5 mg/ml ES (5 ES).
(b) Migration in the absence of ES (control) or in the presence of 1 mg/ml ES (1
ES) or 10 mg/ml ES (10 ES).
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Figure 4. Median distance travelled by fibroblasts migrating from each 2 ll
cell-seeded gel droplet within 3D in vitro assays. Values from five replicate
droplets shown. Solid shapes (experiment 1) represent distance travelled in
the absence of ES (control no. 1) or in the presence of 0.1 mg/ml ES or 5 mg/ml
ES. Open shapes (experiment 2) represent distance travelled in the absence of
ES (control no. 2) or in the presence of 1 mg/ml ES or 10mg/ml ES.
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migration but did alter cellular morphology. ES at a
concentration of 0.1 mg/ml exerted little effect over the
incubation period examined.
From these observations, it may be concluded that ES
promoted matrix re-organization and the exertion of cellular
tractional forces. Within the migration assays, the exertion of
traction is indicated by the contraction of cell droplet size
following detachment of the gel containing 5 mg/ml ES and
during liquefaction of the gel exposed to 10 mg/ml ES. Where
cells were observed at lower seeding densities, the presence
of tractional forces is indicated by the appearance of straight,
aligned matrix fibrils held taut between cells, presumably
organized in this way by the exertion of opposing tractional
forces. It is also indicated by the well-spread cellular
morphologies. As Harris et al. (1981) observed of fibroblasts
embedded within collagen gels, fibroblast traction ‘‘yis
distinct from simple contraction like that of a muscley’’
because ‘‘ythe cells elongate instead of shorten as they
compress and stretch the collagen around them.’’
That ES enhanced matrix re-modelling by fibroblasts and
in so doing effected the promotion of migration, is perhaps
clarified by a model of gel compaction proposed by Bellows
et al. (1981). In comparing the abilities of different cell types
to contract and organize collagen gels, these researchers
identified a series of sequential stages of gel compaction, as
shown in Table 1. From our observations, it is clear that ES
initiated the first three stages of gel compaction, promoting
cell attachment and spreading and precipitating the align-
ment of matrix (most likely collagen) fibers. In so doing, the
fourth stage of cell migration was arrived at. The connection
between matrix re-modelling and cell migration is further
strengthened by the work of Sawhney and Howard (2002)
who found that collagen ‘‘strap’’ (patterns of aligned collagen
fibrils) formation between clusters of cells embedded within
collagen gels precipitates the advancement of cells and
directs cell migration towards neighboring cell clusters
(contact guidance).
From these comparisons, it is clear that cells in the
presence of ES have displayed similar characteristics of
morphology and matrix re-organization as have been
observed of cells embedded within collagen gels by other
researchers. Other research did not include maggot-derived
products so it has to be asked why such behavior was not
observed of cells within our controls where ES was absent.
The answer may be associated with serum, as comparative
research involved assays containing serum, whereas here,
serum was excluded. Evidence for the promotion of
cell–matrix interactions by serum is provided by Tomasek
et al. (1992) who found that removing serum just prior to the
release of tethered fibroblast-populated collagen gels, in-
hibited the extent of subsequent gel contraction by the
resident cells. Addition of serum to the gels once they had
been released caused an immediate contraction. Other
researchers have also observed dependency on serum for
matrix re-organization (Steinberg et al., 1980; Guidry and
Grinnell, 1985). Platelet-derived growth factor, transforming
growth factor beta and the bioactive lipid mediator lysopho-
sphatidic acid are found in serum and have all been
implicated in stimulating matrix re-organization (Montesano
and Orci, 1988; Grinnell et al., 1999; Roy et al., 1999; Toews
et al., 2002; Kondo et al., 2004).
It is possible therefore that maggot ES contains active
components that are also found in serum. Another possibility
is that the serine proteinases present within ES, which we
have shown previously to accelerate fibroblast migration
(Horobin et al., 2005), may contribute through cleaving
membrane-bound protease-activated receptors. This family of
G-protein-coupled receptors are activated following their
enzymatic cleavage by serine proteinases such as thrombin
and trypsin-like enzymes. Such action exposes N-terminal
tethered ligands on the receptors, which then bind and
activate the cleaved receptors. Activated protease-activated
receptors couple to signalling cascades that affect cell shape,
secretion, integrin activation, metabolic responses, transcrip-
tional responses, and cell motility (Cottrell et al., 2002).
Previous work has shown that thrombin promotes the
generation of isometric tension within embryonic chick
fibroblasts in collagen gels through proteinase activation of
the protease-activated receptor (Kolodney and Wysolmerski,
1992; Pilcher et al., 1994; Chang et al., 2001). It is interesting
to note that the serine proteinases present within ES are active
against the thrombin and plasmin substrate Tosyl-Gly-Pro-
Arg-AMC (Chambers et al., 2003), which means that ES may
exert similar effects upon fibroblasts as does thrombin. Any
plasmin-like activity may also be pertinent, as plasmin has
been shown to activate zymogen pre-cursors of various
Table 1. Sequential stages of gel compaction, as proposed by Bellows et al. (1981)
Stage Description
1 Attachment of cells to collagen
2 Cellular spreading within the collagen fiber matrix
3 Organization and alignment of collagen fibers by cellular processes
4 Cell migration
5 Establishment of intercellular contacts
6 Development of a cellular reticular arrangement within the gel and the extension of this arrangement into a 3D, tissue-like, honeycomb network
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matrix metalloproteinases secreted by cells, thus contributing
to localized matrix re-organization (Mignatti et al., 1996).
Maggot ES has also been shown to be active against
peptides labile to urokinase-like activity. Urokinase, a serine
proteinase otherwise known as urokinase plasminogen
activator, converts plasminogen to its active form plasmin.
It also binds with plasminogen activator receptors, which
studies have shown to be expressed by fibroblasts (Behrendt
et al., 1993; Ellis et al., 1993; Mignatti et al., 1996). Once
bound, plasminogen activator receptors localize to focal
adhesion sites and modulate integrin-mediated function
(Wang et al., 1995; Porter and Hogg, 1998; Chapman and
Wei, 2001), thus providing a mechanism for inducing a more
motile cell phenotype. Indeed, plasminogen activator recep-
tor has been reported to have a signalling role in cell
migration, adhesion, and chemotaxis (Odekon et al., 1992;
Waltz et al., 1993; Gyetko et al., 1994). It is therefore
reasonable to speculate that urokinase-like activity within ES
may have also contributed to alterations in cell behavior.
Other actions of ES that may have promoted fibroblast–-
matrix interactions may be related to its ability to degrade the
gel matrix components. This is indicated by the observation
that the higher the concentration of ES present, the more
rapidly the gel changed in its appearance, becoming more
translucent and at the very highest ES concentration, liquid
like. This is also indicated by previous work in which we
demonstrated serine proteinases within ES to degrade
collagen and fibronectin (Chambers et al., 2003). Degrada-
tion of the gels would have resulted in a relaxation of
mechanical tension as the contacts between matrix fibrils and
the tissue culture dish surface would have been eroded and
the fibril network broken down. A number of studies by
researchers who developed the tensional culture force
monitor provide evidence that fibroblasts embedded within
collagen gels are capable of sensing and reacting to changes
in mechanical tension. They found that fibroblasts maintain
an active tensional homeostasis, reacting to modify the
endogenous matrix tension in the opposite direction to
externally applied loads (Eastwood et al., 1994; Brown
et al., 1998). Hence, an increase in the applied load elicits
a decrease in cell-mediated contraction and vice versa.
Perhaps contributing to this response is the finding that
mechanical tension influences levels of matrix metallopro-
teinase production, thus allowing the cells to react by
releasing proteinases to remodel the surrounding matrix
(Lambert et al., 2001). Thus, relaxation of mechanical tension
caused by proteolytic degradation of the gel may have
stimulated the cells to contract and remodel the matrix
around them and to adopt a more migratory phenotype.
Another consequence may have been the release of bioactive
peptides from degraded collagen and fibronectin, which have
been shown to influence fibroblast adhesion and migration
(Greiling and Clark, 1997; Livant et al., 2000).
As fibroblasts are capable of detecting and responding to
changes in mechanical tension, it is clear from our observa-
tions that however ES stimulated fibroblasts to remodel the
matrix, the enhancement of intercellular communication may
have resulted. This is because each cell would have been
able to detect local differences in the mechanical tension of
the matrix due to opposing tractional forces from other cells
causing matrix fibril alignment. Such an enhanced awareness
of neighboring cells, even over comparatively long distances,
may have resulted in the improved coordination of action
between cells, contributing to enhanced migration. Indeed,
Sheetz et al. (1998) propose a similar mechanism of
coordinated cell migration, where the cells direct their
movement according to the orientation and rigidity of the
ECM protein fibers.
Despite the benefits of ES in enhancing migration and
matrix remodelling it is important that the activity of
proteinases present within ES is not excessive as their actions
cause a global breakdown of the matrix. That sufficient fibril
structure needs to remain in order to facilitate contact
guidance and translocation is illustrated by our assay that
contained the highest ES concentration of 10 mg/ml. Here, ES
not only inhibited migration but also rapidly degraded the gel
into a viscous, liquid state. Clearly then, an optimal
concentration of ES exists for promoting cellular activities
that may contribute to wound healing.
In summary, our results found that firstly, ES promoted
fibroblast migration. Secondly, in the absence of serum, ES
was necessary to help cells maintain and extend well-spread
morphologies. Thirdly, again in the absence of serum, ES
promoted ECM re-organization, particularly between cells.
Fourthly, ES imposed these effects either by direct proteolytic
modification of the ECM and/or by direct alteration of
fibroblast phenotype by interaction with cellular receptors,
thus supplanting the need for serum. We have the technical
ability to isolate the active entities from ES (Chambers et al.,
2003; Horobin et al., 2003, 2005) and will therefore proceed
to identify the activities and mechanisms involved.
MATERIALS AND METHODS
All the experiments described herein were performed with the
approval of the University of Nottingham, UK.
L. sericata larval ES collection and characterization
ES were collected from sterile, freshly hatched L. sericata larvae
(LarvETM, Zoobiotic Ltd, UK) as previously described (Horobin et al.,
2003). Briefly, 400 live larvae were washed in 1 ml of sterile,
phosphate-buffered saline for 30 minutes at room temperature, to
recover ES products. ES protein concentration and proteolytic
activity was determined using the Bio-Rad (Hercules, CA) protein
assay kit and a FITC-casein digest assay (Horobin et al., 2003),
respectively. Together, these revealed a protein concentration of
161.74 mg/ml and a specific activity of 6.04 106 relative fluores-
cence units per mg ES protein.
Primary human foreskin fibroblast cell culture
Human foreskin fibroblasts cells (TCS Cellworkss, UK) were
monolayer cultured within T75 flasks (Nunc, Life Technologies
Ltd, UK), containing DMEM (GibcoTM, Invitrogen Ltd, UK), 10% fetal
calf serum (Sigmas, UK), antibiotic/antimycotic solution (Sigmas)
(100 U/ml penicillin, 100 mg/ml streptomycin, and 0.25 mg/ml
amphotericin B) and 2 mM L-glutamine (Sigmas). Cells were
maintained at 371C in a humidified atmosphere containing 5% CO2.
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3D in vitro assay – fibroblast migration
A stock solution containing DMEM, antibiotic/antimycotic and
L-glutamine at twice the concentrations used for routine cell culture
(see above) was made. Following refrigeration, the stock solution
was mixed on ice, at a ratio of 1:1, with a cold solution containing
3 mg/ml bovine collagen type I (ICN Biomedicals, OH), 60 mg/ml
bovine fibronectin (Sigmas) and either larval ES or phosphate-
buffered saline blank. Final concentrations of 1DMEM, 1.5 mg/ml
collagen, and 30 mg/ml fibronectin were obtained. Final protein
concentration of the larval ES was 0.1, 1, 5, or 10 mg/ml, as
indicated.
The assay was assembled as shown in Figure 6 and as described
here: 1000 ml of the DMEM/collagen/fibronectin mixture, as de-
scribed above, was poured into a 58 mm tissue culture dish (Nunc,
Life Technologies Ltd) and gelled at 371C in an even, thin,
continuous layer. Human foreskin fibroblast cells (passage 6) were
trypsinized and suspended in DMEM containing 10% fetal calf
serum to neutralize the trypsin. They were then pelleted by
centrifugation and resuspended in fetal calf serum-free DMEM.
Following cell number estimation using a hemocytometer, the cells
were again pelleted and resuspended within the DMEM/collagen/
fibronectin gel mix at a density of 1 107 cells/ml. Five droplets,
each containing 2ml of this cell suspension, were then placed well
apart from each other on top of the gel layer within the dish and
incubated at 371C until they had gelled. Another 1000 ml of the
DMEM/collagen/fibronectin mixture was then poured over the top of
the cell droplets to completely cover them and left to gel at 371C.
Finally, fetal calf serum-free DMEM containing antibiotic/antimyco-
tic, L-glutamine and either phosphate-buffered saline blank or larval
ES at the same concentration as in the gel, was added to cover the
top gel layer. The assembled assay was then incubated at 371C in a
humidified 5% CO2 atmosphere for the time stated. Aseptic
conditions were maintained throughout.
Throughout each experiment, cells were observed, for a total
period of 48 hours, through an inverted Leica (UK) DM IRB
microscope using phase contrast. Low magnification images,
showing the whole area of each cell droplet embedded within each
gel, were used to quantify cell migration following 24 hours
incubation. Here, Microsoft Paint Shop Pro 6 was used to
superimpose the image of each cell droplet at 0 hour over the same
droplet’s image after 24 hours incubation. These composite images
were then analyzed blind, using Leica QUIPS software, as shown in
Figure 7. Firstly, the distance of the perimeter enclosing each cell
droplet at 0 hour was calculated. This was followed by a count of the
number of cells that had migrated across and away from the original
cell droplet perimeter over the 24-hour period. In order to correct for
variable droplet perimeter distances, the number of migrating cells
was expressed as cells per mm perimeter of the original cell droplet
boundary. The linear distance each cell had migrated away from the
perimeter was also measured.
After 48 hours incubation, intact gels were fixed in 4%
paraformaldehyde (TAAB, Aldermaston, UK) for 20 minutes and
then washed three times with phosphate-buffered saline containing
1% BSA (Sigmas). Ice-cold permeabilizing solution (pH 7.4)
containing 20 mM N-(2-hydroxyethyl)piperazine-N0-(2-ethanesul-
phonic acid); 4-(2-hydroxyethyl)piperazine-1-ethanesulphonic acid,
300 mM sucrose, 50 mM NaCl, 3 mM MgCl2 and 0.5% Triton X-100
(all from Sigmas) was then added and left for 10 minutes. Gels were
a b
c d
Figure 7. How fibroblast migration from 2 ll gel droplets within three-
dimensional in vitro assays was quantified from phase-contrast microscopic
images. (a) Fibroblast-seeded droplet immediately after assay assembly
(0 hour incubation). (b) The same droplet after 24 hours incubation. (c)
Fibroblast-seeded droplet at 0 hour incubation, colored black for contrast,
superimposed upon image from 24 hours incubation. (d) Only those cells that
had migrated from the droplet over the 24 hours period are left showing, thus
allowing them to be counted. The distance each cell had travelled was
calculated by measuring the lengths of vectors, drawn from the leading edge
of each cell, to the perimeter of the superimposed 0 hour image. The
perimeter distance of the fibroblast-seeded droplet at 0 hour incubation was
also measured by drawing around the superimposed 0 hour image.
Bars¼ 300 mm.
Tissue culture dish
Tissue culture dish
D-MEM/collagen/
fibronectin solution
Droplet of D-MEM/collagen/fibronectin
solution containing 1×107 cells/ml
Droplet of cellsD-MEM/collagen
/fibronectin gel
FCS-free cell
culture media
FCS-free cell
culture media
a b c
de
Figure 6. Illustration of how 3D in vitro assays were assembled. (a) DMEM
containing 1.5 mg/ml collagen and 30 mg/ml fibronectin poured into 58 mm
tissue culture dish and gelled at 371C in a thin, even layer. (b) Droplet of
DMEM/collagen/fibronectin containing 1 107 human foreskin fibroblast
cells/ml placed on top of the first gel layer and gelled at 371C. (c) Second layer
of DMEM/collagen/fibronectin solution poured over the top of the cell droplet
and gelled at 371C. (d) Fetal calf serum-free cell culture medium then poured
on top of the gel. (e) Fully assembled assay shown in cross-section, illustrating
how all the cells within the droplet are completely surrounded by matrix gel
and therefore must migrate in three dimensions.
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again washed with 1% BSA. A 0.08% FITC-phalloidin (Sigmas)
solution (in ethanol) was diluted 1:100 with 1% BSA and then added
to the gels. After 30 minutes, the gels were washed as before. BSA
(1%) containing 10 mg/ml propidium iodide (Sigmas) was added and
left for 1 minute before the gels were washed again.
Following FITC-phalloidin/propidium iodide staining, gels were
carefully blotted to remove excess liquid and mounted with Bio-Rad
fluorescence mounting medium and a coverslip. The gels were
visualized using a confocal Leica TCS4D system incorporating a
Leica DMRBE upright fluorescence microscope. Maximum intensity
images of cell droplet edges were taken to observe migrating cell
morphology. Z series of optical sections were also taken of the gels
and compared with optical sections taken of separate assays that had
been fixed and stained immediately following their assembly (0 hour
incubation). This was done in order to demonstrate that cell
migration occurred in all directions from the droplets.
Statistical analysis
Values, representing the number of migrating cells per mm perimeter
of each cell droplet replicate within each treatment, were
transformed to their square roots. These were then subjected to
one-way analysis of variance and Dunnett’s Test, using GraphPad
PrismTM software. The linear migration distances achieved by cells
were compiled under each droplet replicate within each treatment.
They were then log transformed to ensure normal distribution and
the geometric means collated under the appropriate treatment
category. The collated means were analyzed using one-way analysis
of variance and Dunnett’s Test, available within GraphPad PrismTM.
In all cases, equal variance was confirmed and statistical signifi-
cance was defined as Pp0.05.
3D in vitro assay – fibroblast morphology and matrix organiza-
tion
In a separate experiment, 3D in vitro assays were assembled, as
described above, with minor modifications. Here, one 20 ml droplet,
containing a lower cell density of 3 105 cells/ml, was incorporated
into each assay. Assays were treated with either 1mg/ml ES, 5mg/ml
ES, or phosphate-buffered saline blank (control). Cellular morphol-
ogy was observed following 0, 24, and 48 hours incubation using
phase contrast microscopy. The appearance of the gel matrix was
also noted.
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